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Turkey Flat, USA
g8ite Effects Test Area

OVERVIEW

NEEDS

The 1985 Mexico City and 1989 Loma Prieta earthquakes are
our most recent reminders that local ground conditions can
have a strong influence on where damage will occur in
urbanized areas during an earthquake, and underscore the
need to incorporate seismic shaking potential in land-use
decisions., Although several different methods for making
such assessments are currently in use, their accuracy and
costs are not well known. Reliability and cost of methods
must be known before they can be routinely used to provide a
sound basis for safer land-use and construction practices.

GOALS

The principal goals of the Turkey Flat Site Effects Test
Area are to systematically compare and determine the reli-~
ability of contemporary methods used to estimate the effect
of local geology on earthquake shaking, and to test the lin-
earity of shalleow stiff-soil site response.

OBJECTIVES

APPROACH

Principal cobjectives are to collect high guality weak- and
strong-motion data produced by local and regiocnal earth-
quakes at several locations in the test area, to quantify
the site geology in terms of its geotechnical properties,
and to distribute the information to experts around the
world.

Using the acquired data, a series of "blind" predictions
will be made by ground motion experts for test area loca-
tions where the response will be known, but not be available
until all predictions have been received. Results of each
prediction will be compared with one another and with actual
observed ground motion.

PRODUCTS

A series of reports describing each principal phase of the
project will be available as the work progresses. An evalua-
tion of all site response estimation methods will be pre-
pared with recommendations as to suitability and cost

of routine application for urban earthquake shaking hazarg
assessment.
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FOREWORD
IASPEI/IAEE Joint Working Group

At the 1985 meeting of the International Association of Seis-
mology and Physics of the Earth's Interior (IASPEI), held
jointly with the International Association of Earthquake En-
gineering (IAEE) in Tokyo, Japan, a resolution was passed
forming the IASPEI/IAEE Joint Working Group on The Effects of
Local Geology on Seismic Motion. The purpose of this group is
to coordinate the establishment of an international series of
test areas designed to provide a data base for comparing
and testing contemporary methods, and developing new meth-
ods, to predict the effects of local geology on ground motion
caused by earthquakes. The 1985 Michoacan and 1989 Loma
Prieta earthquakes are only the most recent reminders that
local ground conditions can have a major influence on where
damage will occur in major earthquakes. Although methods for
assessing site effects are being used to construct critical
facilities around the world, the reliability of these methods
has not been rigorously tested. It is the goal of this inter-
national program to fulfill this need. An international pro-
gram provides a forum for experts around the world to ex-
change ideas, and significantly increases the prospects of

acquiring the necessary data in a short time period.



Turkey Flat Experiment

The California Department of Conservation's Division of Mines
and Geology (DMG) has, among other mandates, the responsibil-
ity to lock after the interests of the state and its people
with regard to seismic and geologic hazards, and to promote
safe utilization of the state's terrain. Safety analyses of
critical facilities such as nuclear power plants, liquid
natural gas repositories, and hospitals, as well as provision
of hazard information to local governments for planning and
development, require application of state-of-the-art tech-
nigques in predicting ground motion expected from future
earthquakes; however, contemporary methods have not been
thoroughly validated. When asked why microzonation has not
been implemented in the U.S., the answer is often: "if you
ask ten different experts how the ground might shake at a
specific site during an earthquake, you will get ten differ-
ent answers." We see a strong need to identify those methods
that are reliable and those that are not, and to establish
guidelines and procedures that insure repeatability, in or-
der to effectively carry out our mandates. As a conseguence,
we have established a test area at Turkey Flat, California,

where a series of experiments will help answer this need.

our general perceptions and experiment objectives echo those

of IASPEI/IAEE's Joint Working Group. In their first work-
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shop, held during the XIX Assembly of the International Union
of Geodesy and Geophysics in Vancouver, British Columbia,
Canada in August of 1987, a resolution was passed incorporat-
ing the experiment at Turkey Flat into the international

program.

The principal objectives of the Turkey Flat Experiment are to
systematically test and compare all methods of estimating the
influence of local geology on ground motion during earth-
quakes, in order to determine the reliability ang
cost-effectiveness of each. Secondary objectives are to gen-
erate a data base for the improvement of these methods, or
the development of new methods, and to address the
long-standing debate on the linearity of site response. The
approach 1is to collect high quality weak and strong ground
motion data, and geotechnical data, and to carry out a series
of "blind predictions." Experts from around the world are in-
vited to use their preferred method and the acquired data to
predict ground motion at locations where the actual response
will be known but held in confidence until all predictions

have been submitted.

The experiment is being conducted in a number of phases. This
report presents the weak-motion observations made by DMG and
the simple modeling done by DMG as part of phase IV,

Weak~-Motion Blind Prediction Test. A more detailed
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description of the overall experiment is provided in Report
1, Turkey Flat, USA, Site Effects Test Area; Needs, Goals and
Objectives. A detailed description of the local site geology
and geotechnical properties of the site is provided in Report
2, Turkey Flat, USA, Site Effects Test Area: Site Character-
ization. A detailed description of the site effects blind
prediction test phases at Turkey Flat is provided in Report
3, Turkey Flat, US Site Effects Test Area: Weak-~Motion

Test: Prediction Criteria and Input Rock Motions. The

weak~motion test event's observed seismic response at all

sites is provided in Report 4, Turkey Flat, USA, Site Effects
Test Area: Weak-Motion Test: Observed Seismi¢c Response. An

initial summary of results for the weak-motion blind predic-
tion <test at Turkey Flat is provided in Report 5, Turkey
Flat, UsA, Site Effects Test Area: Weak-Motion Test: Statis-
tical Analysis of Submitted Predictions and Comparisons to

Observations.

This report covers three subjects: 1) two weak-motion data
sets recorded at Turkey Flat and the observed site response
(empirical transfer functions) in terms of Fourier spectral
ratios; 2) simple modeling of the observed spectral ratios
with site amplification functions from SHAKE (Schnabel, et
al., 1972); and 3) an examination of the character of the

Weak-Motion Test Event.



S8YNOPSIS

Empirical transfer functions and theoretical site amplifica-
tion functions are compared at severcl sites across Turkey
Flat Site-Effects Test Area hear Parkfield, CA. Observed site
response relative to a bedrock reference site has been deter-
mined for a given site by using the Fourier amplitude spec-
tral ratio method as applied to 14 local and regional earth-
guakes in a profile study and to 33 1local and regional
earthquakes in a site-specific study. Surface bedrock site
response between two stations separated by two Kilometers
agrees to within a factor of 1.3 (30%). At several stations,
surface stiff-soil site response over a sensor separation of
10m is reproducible to within a factor of 1.3 (30%). For sen-
sor separations of 20m there are occasional significant
varlations in stiff-soil site response by a factor of 2-3 in
the 10~20 Hz band. For sensor separations of 100m there are
systematic variations in the 5-20 Hz band stiff-soil site re~
sponse by a factor of 3-10 related to variations in soil

thickness.

Observed transfer functions are modeled using relative ampli-
fication functions from the computer program SHAKE. Better
fits are obtained by using damping values close to those mea-
sured in situ as opposed to damping values determined by

laboratory tests. Modeling of observed transfer functions
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indicates that the model fit is sensitive to 5% changes in
S-wave velocity. Errors of 10~20% in field measurements of
S-wave velocity at Turkey Flat suggest accurate and consis-
tent prediction of weak motion may not be possible when based

on field geotechnical measurements alone.

The character of the Weak-Motion Test Event (WMTE) is exam-
ined and compared with other weak-motion events recorded at
Turkey Flat. Magnitude, epicentral distance, azimuth from
source to array, and hypocentral depth are typical for the
weak~motion events recorded at Turkey Flat. Variations of up
to a factor of four in Fourier spectral ratios between East
and North components appear to be normal random variations,
typical for weak-motion spectral ratios at Turkey Flat and
similar to another site located 30 km to the north in the
town of Coalinga. There are no systematic variations between
East and North components or between Radial and Transverse
components as large as a factor of two. P-wave arrivals for
the WMTE propagate across the Turkey Flat array at 6.0 km/sec
but S-waves arrive simultaneously across the array. Waveform
coherence is poor (<.75) between the four sites of the Turkey
Flat array (>500m separations) but good (>.75 in the 1~10 Hz
band) Dbetween seismometers at the same site (<25m separa-
tions). This coherence pattern is not unexpected for the

Parkfield area.



INTRODUCTION

This report briefly describes the data acquisition and pro-
cessing methods used to obtain weak-motion transfer functions
at Turkey Flat, and presents Fourier spectral ratio observa-
tions from two weak-motion site response studies at the Tur-
key Flat, USA, 8Site Effects Test Area. It also presents the
simple modeling of these observations based on the
geotechnical site characterization of the test area, and ex-
amines the spectral and waveform characteristics of the
Weak-Motion Test Event. The two weak-motion site response
studies are 1) a profile across the valley at Turkey Flat and
2) a site-gpecific study of the four strong~motion instrument
sites comprising the strong-motion test array at Turkey Flat.
The objectives of the weak-motion site response studies and
modeling are to check on the repeatability and spacial
variation of site response to weak motion (<.001g) at the
Turkey Flat test area, to determine if weak-motion transfer
functions can be modeled from the geotechnical measurements
given the assumption of linear, one-dimensional behavior, and
to determine if the Weak-Motion Test Event is representative

of weak-motion response at the Turkey Flat recording sites,

Turkey Flat is located halfway between Los Angeles and San
Francisco in the central California coast ranges and near the

San Andreas Fault just east of the town of Parkfield (Figure
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1). The test area is located on a shallow, stiff-scoil valley
that is two kilometers in width and has a maximum soil thick-
ness of twenty meters. The valley lies in a small syncline of
Upper Cretaceocus and Tertiary marine sedimentary rocks and is
filled with late Pleistocene and Holocene sedimentary depos-
its. Figure 2 shows the location of the twelve recording
sites that form a profile extending from bedrock onto the
valley surface. Figure 2 also shows the location of four
strong-motion array sites where weak-motion recordings were
made, two on rock and two in the valley. There are seven sur-
face and downhole strong-motion sensor locations at the four
recording sites: a surface and a downhole sensor at Rock
South, a surface and two downhole gensors at Valley Center, a
surface sensor at Valley North, and a surface sensor at Rock
North. Detailed geotechnical information is provided in Real

(1988) .



Figure 1

~San Andreag Fault 5 K

LA Cholame— Al

Location map for Turkey Flat Site Effects Test, Inset shows
the location of the test area in Central California and
relative to San Francisco (SF) ond Los Angeles (LA). The
main mop shows the locotion relofive fo Parkfield ond the
Son Andreas Fault, Qol (dashed area) represents Quaternary
alluvial deposits and Qt (dotted areas) represent Quater-
nary terrace deposils.
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DATA RECORDING AND PROCEBBING

As part of the process of selecting Turkey Flat as a site ef-
fects test area and as a component of tHe Turkey Flat Test
Area ground motion prediction test, two weak-motion site am-
plification studies were conducted at Turkey Flat. The first
study consisted of a twelve-station profile extending from
bedrock to beyond the middle of the valley. The study was
done for the purpose of confirming a site effect and for
testing the stability (or variability) of spectral ratio de-
terminations of site transfer functions on the scale of 100m
and 10-20m. The second study consisted of collocating weak
motion sensors at the selected surface and downhole strong
motion sensor locations in order to determine 1low strain
level empirical transfer functions for the instrumentation
sites, and to provide data for a low strain ground motion
prediction test (see Real and Cramer, 1989, for details on
the prediction tests at Turkey Flat). Data from the profile
were recorded during the spring of 1986 and data from the

strong motion sites were recorded during the spring of 1988,

Figure 2 shows the locations of twelve temporary recording
sites composing the profile (labelled small circles), and the
four principal sites of the Turkey Flat Site Effects strong
motion array (circled dots). Each profile site consisted of

three Teledyne Geotech S-13 1-Hz Seismometers all oriented
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east-west (approximately parallel to the axis of the valley
so as to detect any two-dimensional resonance): one seismone-
ter at the site, one seismometer 10m north (or south) of the
site, and one seismometer 20m west of the site. The only ex-
ception to this layout was the rock site (profile site P1)
which had a north-south oriented seismometer and an east-west
oriented seismometer at the site and an east-west oriented

seismometer 7.6m north of the site.

Instrument sensor locations for the site-specific study are
shown in Figures 3 and 4. Figure 3 shows cross sections A-A',
B-B!', and C-C' indicated on Figure 2. The locations of the
four surface and three downhole strong-motion three-component
sensors are indicated in Figure 3 (R1l, R2, V1, V2, D1, D2, &
D3). Three~component weak-motion sensor 1locations (CTF1-9)
relative to the strong-motion sensors are shown in Figure 4.
The surface weak-motion sensors were Sprengnether S-6000 2-Hz
triaxial seismometer packages and the downhole weak-motion
sensors were Mark Products L10~3D=-SWC 4.5~Hz triaxial seismo-
meter packages. Note that for part of the site-specific study
an extra weak-motion downhole sensor was placed first at the
surface of the D1 sensor hole at the Rock South site and then

at the bottom of the test hole at the Valley North site.

Local and regional earthquakes in the magnitude 1-4 range

were recorded on a Lawrence Livermore National Laboratory

-12-
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Figure 4: Site Maps Showing
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(LLNL) central recording, digital telemetry system during the
profile study and on an array of Sprengnether DR-100
event-recorders hardwired to an array control box during the
site-specific study. The LLNL system used in the profile
study has a dynamic range of 90dB (10 bit sample plus 2 bits
for gain ranging), a sample rate of 120 samples per second,
and is described in Jarpe, et al. (1988). The event recorder
array used in the site~-specific study has a dynamic range of
664dB (12 bit sample, no gain ranging), a sample rate of 100
samples per second, and is described by Real and Cramer
(1989) ., Fourteen (14) local and regional earthquakes were
used in the profile study and thirty-three (33) in the
site-specific study (Table 1). Figure 5 presents histograms
showing the distance, azimuth, magnitude, and depth distribu-

tions of these two sets of earthquakes.

Data processing for both studies follows the spectral ratio
method outlined in Jarpe, et al. (1%88), with some excep-
tions. Because of the small size of the arrays at Turkey Flat
(less than 2 km across), no correction has been made for geo-
metric spreading and attenuation in either study. For the
profile study, average horizontal amplitude spectra were not
calculated for each site because the seismometers were ori-
ented in the same direction (E-W). Instead, each component at
each site was treated as a separate station and only mean

spectral ratios for the east-west direction of motion have

-] 5=



Table of earthguakes used in weak-motion spectral ratio studies

Table 1:

at Turkey Flat (From USGS Central California Network)

Event Date Time Latitude Longitude Depth Mag Dist Az
No. GMT (N} (W) (km) (M) (km) (")
Profile Study:
1 860516 0601 48.50 36-12,31 120-23.31" 5.60 1.39 35 355
2 860516 0737 31.33 36-12.64 120-20.16 7.15 1.96 36 2
3 860518 2334 18.99 36~ 3.17 120- 7.26 2.45 1.70 28 49
4 8605192 1758 15,66 35-59,34 120-36.58 0.00 1.97 26 298
5 860519 1801 9.38 36— 0.17 120-35,42 4,71 1.84 25 300
6 860520 0223 25.03 35-46.43 121-17.13 0.00 2.16 85 261
7 860%20 0337 3.23 26-11.14 120-47.57 10,17 2.62 51 309
8 860520 0819 44.43 35=-59.27 120-35.34 4.59 1.91 24 297
9 860520 1236 6.08 36- 8.16 120-13.85 1.75 1.09 29 22
10 860521 1507 7.87 36-11.94 120-19.73 9.67 2.36 34 4
11 860523 0041 13.14 36-11.44 120-17.79 4.23 1,95 34 S
12 860523 1141 54.17 35-47.45 118- 1.93 0.01 3.88 210 94
13 860522 1811 55.75 36-16.80 120-21.21 15.52 1.46 43 0]
14 860525 0346 2.44 36-45.29 121-15.33 12.4% 2,72 125 320
Site-Specific Study:
1 880313 1921 b5.16 36-42.52 120-45.90 2.05 2.64 o8 338
2 880316 0618 50.56 36=33.28 121-12.26 5.02 2,98 106 314
3 880316 0808 3.83 35-59.82 120- 9.75 13.26 1.88 21 56
4 880326 2120 45.64 35-59.72 120~ 9.49 14,06 31.03 21 57
5 B80331 0847 33.13 35~55.57 120-30.57 12.06 1.73 15 285
6 880410 0511 41.49 36- 7.02 120- 7.98 1.72 2.05 32 38
7 880411 2006 23.76 36— 6,44 120- 3,60 6.07 1.86 36 48
8 880411 2021 54.06 36- 7.92 120- 2,52 5.58 1.83 39 46
9 880419 0642 47.03 36-43.30 120-45.44 1.85 2.99 89 339
10 880420 1423 51.62 36-30.55 121~ 8.90 6.00 2.84 99 314
11 880423 1657 31.25 36-10.39 120-15.95 11.35 2,69 32 14
12 880427 0229 25,29 36-10.96 120-19.76 4.10 1.98 32 4
i3 880501 0110 18.76 36~ 6.29 120~14.75 1.75 2.48 26 22
14 880502 0007 7.00 35-45.00 120~17.26 11.36 1.00 17 159
15 880502 1923 27.54 36-39.46 121-20.26 l1.89 2.83 122 314
1e6 880504 0021 27.57 36-43.30 120-45.60 1.75 3.14 99 338
17 880504 0028 32.87 35-57.81 120-34.06 3.80 1.30 21 292
i8 880504 2339 Small Local EgR (2 sec S-P) Not Located by USGS
1% 880507 0907 51.32 36-40.26 121-21.85 1.53 2.71 125 314
20 880507 1415 36.79 36-40.18 121-21.70 1.67 3.01 125 314
21 B80508 2051 24.42 36-31.67 121~ 7.24 8.13 2.92 98 316
22 880517 1229 1.18 36~ 8.17 120-14.1l2 9.63 2.22 29 21
23 880518 2235 44.41 36-~15.73 120-24.,66 7.94 2.12 42 353
24 880520 1503 33.17 36- 9,98 120-18.30 6.03 1.90 31 8
25 880523 0951 23.47 35-57.04 120-~-32.92 1l1.68 1.68 i9 290
26 880524 2021 3.71 36-35.47 121-15.24 3.51 3.01 112 314
27 880525 2127 29.34 36- 7.19 120-11.71 5.04 1.86 29 29
28 880526 0356 52,98 37- 8.21 117-55.90 0.01 3.90 254 58
29 880526 1315 32.85 36-16.67 120-26.30 1.85 1.81 44 350
30 880527 2311 1%5.72 236~ 0.19 120~ 9.39 12.48 1.20 22 55
31 880528 1808 54.86 37-30.17 118-52,06 8.78 3.82 221 36
32 880530 1605 10.52 36~25.93 117-53.67 3.51 4.00 228 75
33 880530 1728 18.68 36-25.51 117-49.25 8.00 4,06 234 76
-16=-
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been computed according to tlLe method used by Jarpe, et al.
For the site-specific st.dy, two different seismometer types
were used so that the amplitude spectra had to be
instrument-corrected prior to computing gpectral ratios. The
frequency-domain instrument-correction method used for this
data set is described in Real and Cramer (1989). The spectral
ratio method used by Jarpe, et al. was then applied to obtain
average horizontal amplitude spectra, the spectral ratio of
these average horizontal amplitude spectra with respect to a
reference station, and finally a mean spectral ratio and its

standard deviation for each triaxial sensor.

The instrumental error inherent in the spectral ratios has
been determined from "huddle" tests. During a huddle test all
seismometers are placed next to one another at one site. A
local or regional earthgquake is recorded and Fourier ampli-
tude spec;ra of the S-wave are compared for all components
with the same orientation. Jarpe et al. (1988) determined an
instrumental error of 8% for the LLNL recording system using
the same type seismometers used in the profile study. For the
two seismometer types used in the site-specific study, Real
and Cramer (1989) indicate an instrumental error of 10-20%

after applying instrument corrections.

A basic assumption in this report is that Fourier amplitude

spectral ratios for the first 8 seconds of the S-wave wave-
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form provide an observational measure of site response
relative to a bedrock reference site, The spectral ratio
method tends to remove the effect of source and path from the
observed ground motion leaving the relative site response as
a function of frequency (transfer function). This 1is par-
ticularly true at Turkey Flat where the bedrock reference
sites used in this study are no more than two Kilometers from
any observation site. Following the approach of Jarpe, et al.
(1988), spectral ratios for several local and regional events
have been averaged together to obtain a better estimate of
the true relative site response for a given observation site.
The resulting mean spectral ratio and its standard deviation
is wused in this report as the measure of "ground truth" for

relative site response. N
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OBSERVATIONS

The observed mean spectral ratios and their standard de-
viations will be presented in four combarisons. The first
comparison will be rock site to rock site. The second com-
parison will be along the profile of the profile study. The
third c¢omparison will be for the 10m and 20m subarray spac-
ings of each of the profile sites. The fourth comparison will
be among the strong-motion sensor sites. The reference bed-
rock site for the weak-motion profile array is site Pl and
the reference site for the weak-motion site-specific array is

the Rock South surface sensor CTFS.
Rock site to rock site comparison

Figure 6 shows the mean horizontal spectral ratio and the
plus one and minus one standard deviation (sd) ratios for the
Rock North surface weak-motion sensor (CTF5). Generally the
mean spectral ratio is within a factor of 1.3 (30%) of unity
(no amplification), except between 1 and 2 Hertz. This is im-
portant for interpreting site transfer functions on valley
sediments because it suggests that the site transfer fune-
tions agree within measurement errcr over the 1-20 Hz band
for rock sites on both sides of the valley and over distances

of two kilometers.
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Comparison along the profile

Figure 7 shows the east-west mean and +/- 1 sd spectral ra-
tios for sites along the profile. DMG‘é P-wave refraction
section (Appendix H of Real, 1988) 1s shown next to the spec-
tral ratio plots with the unity position of each site's ratio
plot aligned to that site's location along the P-wave refrac-
tion section. Spacing between profile sites is generally
100m, except between P3 and P5 (200m), Dbetween P9 and P10
(200m), Dbetween P10 and P11l {(200m), and between Pll and P12
(300m). Note the presence of a 5000 ft/sec velocity anomaly
under the thinning valley sediments and the complicating ef-
fect it has on site transfer functions at sites P2 = Pé6,
There are no differences in the site response of profile
sites for frequencies in the 1-3 Hz bhand; however, there are
strong variations in mean spectral ratios in the 5-20 Hz
band, propably due to variations in soil thickness and lat-

eral variations in soil velocity.

Comparison over 10m and 20m distances

Figure 8 presents the mean spectral ratio and its standard
deviation for each seismometer in the profile array. The
dashed 1lines represent the mean, the plus one standard de-

viation, and the minus one standard deviation (sd) spectral
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P-wave Refraction Hection

P-wave Refraction Section

Figure 7: Comparigon Along Profile {100m spacing)
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ratios for the seismometer at sites P2 - P12. The solid lines
in Figure 8 represent the mean and +/- 1 sd spectral ratios
for the seismometers 10m north (or south) of sites P2 - Pl1l2.
The dotted lines in Figure 8 represent the mean and +/- 1 sd
spectral ratios for the seismometers 20m west of sites P2 -
P12. The bedrock reference seismometer for the profile study
is the seismometer 7.6m north of gsite P1 (E-W orientation).
The dotted lines for bedrock site Pl in Figure 8 are mean
and +/- 1 sd spectral ratios for the east-west oriented seis-
mometer at site P1, and the dashed lines are the same three
spectral ratios for the north~-south oriented seismometer at
the site. Due to telemetry glitches, data were unusable for
all three seismometers at site P4 and for the Oom (at site)
seismometer at site P10. Hence the data plots for these four

seismometers are missing from Figure 8.

Besides the general variations in mean spectral ratio among
sites shown in Figure 7, which are over horizontal distances
of 100m or more, there are also more localized variations in
mean spectral ratio at some sites. A careful examination of
the Om and 10m mean spectral ratios for each site in Figure 8
(dashed and solid lines) reveals that mean spectral ratios
over 10m distances tend to track one another, within a factor
of 1.3, except at frequencies above 15 Hz at a few sites.
However, over 20m distances mean spectral ratios do not track

one another as well, particularly above 10 Hz. The
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seismometers offset 20m to the west of the sites show sig-
nificant vériations in mean spectral ratios from the Om and
10m seismometers by a factor of 2-3 at sites P2, PS5, P10, and
P12. This suggests lateral variations ‘in structure (soil
layer thicknesses) or in S8-wave velocity (soil composition)

over 20m distances for some parts of Turkey Flat.

Comparison among strong-motion sensor sites

Figure 9 presents the mean horizontal spectral ratio (solid
line) and its plus one and minus one standard deviation
(dotted lines) for the eight weak-motion seismometers of the
site-specific study. All spectral ratios in Figure 9 are
relative to a reference surface seismometer at the Rock South
bedrock site (CTF8 - see Figure 4 for its location). Standard
deviations_are generally less than a factor of 2 and usually
much less. As indicated in Figure 9, CTF1l and CTF2 are a sec-
ond top-hole seismometer and a bottom-hole seismometer, re-
spectively, at the Rock South site; CTF6 and CTF9 are
top-hole and bottom-hole seismometers at the Valley North
sitey CTF7, CTF3, and CTF4 are top-hole, mid-hole, and
bottom~hole seismometers at the Valley Center site; and CTF5

is a surface seismometer at the Rock North site.
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The surface bedrock sites CTF8, CTFl, and CTF5 have similar
site transfer function characteristics suggesting stability
of bedrock response over distances of 2 km. The adjacent sur-
face bedrock seismometers at Rock South ﬁave a mean speétral
ratio (CTF1/CTF8) near one, as expected. The observed
variations in the high frequency response of CTFl relative to
CTF8 may be caused by looseness in the fill around the top of
the plastic bore hole casing in which the seismometer at CTF1
was clamped. As discussed in the rock sites comparison above,
the across-valley surface bedrock seismometer at Rock North

also has a mean spectral ratio (CTF5/CTF8) within 30% of one.

The valley surface sites CTF6 and CTF7 have site transfer
functions similar to neighboring profile sites while the
downhecle sensors CTF2, CTF3, CTF4, and CTF9 show site trans-
fer functions dominated by resonant peaks and valleys. The
Valley North site CTFé falls between profile sites P6 and P7.
These three sites have similar response characteristics, in-
cluding similar amplitudes for their mean spectral ratios
(Figures 7 and 9). A similar conclusion can be reached by
comparing the mean spectral ratio for CTF7 in Figure 9 with
the mean spectral ratios for profile sites P10 and P11l in
Figure 7. The site transfer functions for the downhole sen-
sors CTF2, CTF3, CTF4, and CTF9, although dominated by site
resonant peaks, are difficult to interpret without modeling

the observed transfer functions.
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MODELING

This section of the report presents the results from a model-
ing study of the weak-motion observatioﬂs for Turkey Flat.
Empirically determined weak-motion transfer functions allow a
comparison to theoretical transfer functions derived from
geotechnical information. Theoretical transfer functions de-
termined from different geotechnical models can be checked
for accuracy in reproducing empirical transfer functions. Ba-
sic modeling assumptions concerning linearity at low strain
levels, uncertainty in geotechnical measurements, and the na-
ture of the valley response (one-, two-, or

three-dimensional) can also be examined.

Modeling of site response is a non-unigque process so assump-
tions must be made to simplify the modeling task and to model
the form of the site response observed (relative transfer
functions). Site response is dependent on density, damping,
and S~wave velocities of sediments and rock, on layer thick-
nesses and shapes, and on the angle of incidence and mode of
propagation of incoming S-waves. Because the incoming S-waves
have peak accelerations less than .001g and are nearly verti-
cally incident, and because the valley shape ratio (maximum
depth to half-width) of about 0.02 indicates a strong poten-
tial for predominantly one-dimensional response (Bard and

Bouchon, 1985), the modeling has been simplified by assuming
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the site resgponse to vertically propagating SH-waves is
one—dimensiénal, linear, and viscoelastic. The medium is also
assumed to be isotropic and plane-layered, Further, because
mean spectral ratio is a relative site response observation,
it is assumed that mean spectral ratios can be modeled by the
relative site amplification function in the computer program
SHAKE (1975 version) (Schnabel, et al., 1972). This latter
assumption will hold true as long as the modeling results for
the second surface bedrock seismometer at the Rock South site
(CTFl) are near unity, within an experimental uncertainty of
a factor of 1.3. As used in this report, site amplification
as a function of frequency from SHAKE is the ratio of seismic
response of the multilayered soil-rock structure of a gilven
model to the seismic response of a simple half-gpace of vrock
with properties equivalent to the rock half-space at the bot-
tom of that model.

Initial model parameters such as layer thickness, density,
damping, and S-wave velocity structure must be chosen. Then
these parameters are systematically varied to obtain a good
fit to the observed mean spectral ratios. Geotechnical infor-
mation for Turkey Flat is available in Real (1988). Two meth-
ods of in situ velocity structure determination are tested in
this report: 1) downhole S-wave measurements and 2) P~wave
refraction profiles with P-wave velocities converted by Vp/Vs

ratio to S-wave velocities. Additionally, the Turkey Flat
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Standard Geotechnical Model (a committee model) is also
tested for the appropriateness of its velocity structure at

weak-motions.

To obtain better model fits to the observed spectral ratios,
damping and S-wave velocity were varied in a systematic man-
ner. In SHAKE, the location of resonant peaks in the fre-
quency domain are mainly dependent on S-wave velocity struc-
ture, while the amplitude of the amplification is dependent
on damping. Thus to obtain the "best~fit" final model from an
initial set of geotechnical information (downhole, refrac-
tion, or Standard Model), damping is varied to f£it the ampli-
tude of observed resonant peaks and S-wave velocity is sys-
tematically varied, as described below, to fit the position
of resonant peaks in the frequency domain. The resulting fi-
nal models are not unigue results but only "best-fit" results
for the mgdeling assumptions inherent in SHAKE and for the
chosen geotechnical information and systematic manner in

which the initial S-velocity model was varied.

As mentioned above, S-velocity was varied in a systematic
manner to improve model fits to the observed spectral ratios.
For downhole S-wave velocity measurements and for the Stan-
dard Geotechnical Model velocity structure, the model fit to
observations has been improved by varying observed S-wave ve-

locities in layers above the rock half-space by a uniform
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percentage change in velocity (half-space S-wave velocity is
never changed because it has a very small effect on the loca-
tion of resonant peaks in the frequency domain). For P-wave
refraction profiles, the model fit to observations has been
improved by arbitrarily changing the Vp/Vs ratio of the lay-

ers above the rock half-space.

The presentation of the modeling results is divided into
three parts. The first part is on modeling based on downhole
S=wave measurements and discusses in situ properties,
downhole-model results, and the effects of S-velocity and
density changes on the modeling results. The second part is
on modeling based on P~wave refraction profiles and discusses
S-velocity estimates, refraction-model results, and a com-
parison to the results of modeling based on downhole measure-
ments. The third part is on modeling using the Standard Geo-
technical Model for Turkey Flat and discusses Standard-Model

results.

Medeling based on downhole measurements

In situ properties

Table 2 lists the in situ properties determined from downhole
measurements at three of the strong-motion array sites at

Turkey Flat. Densities in Table 2 were taken from the Stan-
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dard Geotechnical Model for Turkey Flat (Appendix D, Real and
Cramer, 1989). In situ damping values in Table 2 are esti-
mates from Appendices E and G of Real (1988). Layer thick-
nesses and S-wave velocitlies were taken from Crameyr, 1987 (in
Appendix H of Real, 1988). As noted in Table 2, errors in

downhole velocity measurements are +/- 10-20 percent.

Initial and final models

Shown in Figure 10 are initial and final models based on the
downhole measurements and improved by uniformly varying damp-
ing and S-velocities as indicated above. The final percent
change to layer S-velocities (Vs) and the final damping value
(Br for rock and Bs for soil) are indicated on each plot.
Discussion of the initial and final models at Rock South,

Valley North, and Valley Center follows.

The initial model from downhole measurements for the Rock
South site (dashed line with squares) used a damping of .10
and does not fit the resonance peak and amplitude of the
downhole sensor's mean spectral ratio. For the final model
(dashed line with octagons), downhole determined S-velocities
were reduced by 20% and damping was increased to .15 in order
to fit the downhole resonant peak and its amplitude and spec-
tral flattening above 10 Hertz. Summary plots of downhole ve-

locity measurements (Figure 11) taken from Real (1988) show
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Table 2
In Situ Properties from Downhole Measurements

Layer Thickness Damping Density Velocity1
no. m g/cc m/s

Rock South - Hole 2

1 1.8 +»10-.13 2.10 640,
2 7.0 +10-.13 2.20 1036.
3 8.8 .10-.13 2.20 1332.
4 - +10-.13 2.20 1539.

Valley Center - Hole 5

1l 1.8 .07-.09 1.50 130.
2 4.9 «07-.09 1.80 354,
3 14.0 .07-.09 1.90 622.
4 - .10-—.132 2.20 1317.

Valley North =~ Hole 3
2

1 1.8 .07-.09 1,55 131.
2 3.0 .07-.09%  1.75 283.
3 6.1 ,07-.09%  1.90 543,
4 - .10-.13%  2.20 1317,

1S-velocity errors are +/= 10-20 percent

2Estimate from measurements in other holes
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more scatter for the Rock Scuth site (50%) than for the Vval-
ley Center site (20%). This increased scatter may indicate
problems in generating S-waves at a stiff bedrock site and in
picking S-wave arrivals due to P-wave contamination of S~-wave
arrivals. This may lead to systematically higher downhole
S~-velocity determinations at the Rock South site. Final S-ve-
locities are different from downhole measured values but
still within measurement error. The final damping value of
.15 is compatible with in situ determinations listed in Table
2 (.10-.13), but conflicts with laboratory determined values
used in the Turkey Flat BStandarq Geotechnical Model

(001"'102)0

At the Valley North site, the initial model from downhole
measurements (dashed line with squares) with .07 damping for
soil underestimated the amplitude of the top and bottom hole
mean spectral ratios. For the final model (dashed line with
octagons), measured downhole S-velocities were increased by
5% to better match the location of the resonant peaks in top
and bottom hole mean spectral ratios. This change in S-velo-
city is well within downhole measurement error. Final damping
was reduced to .03 to better match the amplitudes of the mean
spectral ratios, and is close to that of the Turkey Flat
Standard Geotechnical Model although no in situ measure-

ments are available for the Valley North site.

-4 2=



At the Valley Center site, the initial model from downhole
measuremenfs (dashed line with squares) provides a good esti-
mate of the mean spectral ratio for all three spectral ra-
tios. 1In order to better match the specﬁral ratio peaks in
the frequency domain, the final model (dashed lines with
octagons} adjusted the measured downhole S-velocities by +5%.
Again the change in S-velocity is well within downhole mea-
surement error. Final damping was unchanged from the initial
value of .07. For this site, damping is clearly compatible
with the in situ measurements and incompatible with the
laboratory measurements used in the Turkey Flat Standard Geo-

technical Model (.01-.02).

Sensitivity of models to S-velocity and damping

Figures 12 and 13 show the effects on the model fit of
changes ip S-velocity and damping, respectively. Generally
plot symbols of squares, triangles, octagons, inverted tri-
angles, and diamonds on dashed lines indicate the results for
the first, second, third, fourth, and fifth parameter value
ligted in each plot. For S-velocity changes, this corresponds
to percentage changes in S-velocity from the final models of
Figure 10 of -10%, -5%, 0%, +5%, and +10%, respectively. For
changes in damping, the symbols correspond to changes in
damping from the final models of Figure 10 of -.04, -.02,

.00, +.02, and +.04, respectively. In Figure 13, the Valley

-4 3=
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North plots show only four values of damping because the
value corresponding to the square symbol is physically unrea-

sonable and hence 1is absent.

From Figure 12, modeling fits to observed mean spectral ra-
tios appear sensitive to S-velocity changes greater than 5%.
Model fits to surface-sensor mean spectral ratios seem less
sensitive to changes 1in S-velocity than model £fits to
downhole-sensor mean spectral ratios, which have clearer
resonant peaks. Modeling sensitivity to greater than 5%
changes in S-velocity is more precise than the current down-

hole S-velocity measurement error of 10-20%.

From Figure 13, modeling fits to observations are sensitive
to changes in damping greater than plus or minus .02. Sensi-
tivity of model fit appears to be more easily Jjudged at
resonant peaks in the frequency domain. Damping values deter-
mined from modeling pairs of surface and downhole sensors at
Turkey Flat are still clearly compatible with in situ esti-
mates of damping at Rock Socuth and Valley Center. The results
from Figures 12 and 13 provide error estimates for tha final

medels of Figure 10.
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Modeling based on P-wave refraction profiles

Velocity structure

Table 3 lists the P-wave velocity structure taken from two
refraction profiles, one by 0YO Corporation and one by DMG.
Density values are taken from the in situ measurements listed
in Table 2 and damping values are from the final results of
the downhole modeling. Layer thicknesses and P-velocities for
the OY0O refraction profile are taken from Appendix F of Real
(1988) and for the DMG refraction profile are taken from Ap-
pendix H of Real (1988). S-wave velocities have been esti-
mated by dividing by a Vp/Vs ratio, initially an average
value of 2.0 from downhole measurements (Appendix H of Real,
1988) . Final models have been obtained by adjusting the Vp/Vs
of the model layers to fit resonant peak frequencies and by
adjusting damping values to fit amplitudes of the observed

mean spectral ratios.

Initial and final models

Figure 14 shows the initial (dashed lines with squares) and
final {(dashed lines with octagons) model results for the O0YO
P-wave refraction profile. The initial models clearly do not
match resonant peaks in the frequency domain. Final model

Vp/Vs ratios range from 1.6 for the rock sites and the Valley

=49 =



Table 3

P~wave Refraction Velocity Structures*

0Y0 Refraction Profile

Layer Thickness  Velocity

no. m m/s
Rock South:

1 0.5 300.

2 2.0 1000.

3 27.5 1500.

4 - 2600,

Valley Center:

1

2

3

2.5 300.
19.5 1000.
- 2700.

Valley North:

1

2

3

4

3.0 300.
10.5 900.
1.5 1500.

- 2800.

*

DMG Refraction Profile

Layer
no.

Thickness
m

16.8

1.5

22.5

Errors in refraction measurements are about 10%

-50-

Velocity
n/s

1524,

33582,

228,
1066,

2590,

228,
1066,

2580,
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North site to 1.8 for the Valley Center site. Damping values
(Br and Bs) are the same as for the final models based on

downhole measurements (Figure 10).

"igure 15 shows the initial and final model results for the
DMG P-wave refraction profile. The initial models do not
match the observed mean spectral ratios. Final models wused
the same Vp/Vs ratios and damping values as the final 0OYO re-

fraction profile models.

Final models is Figures 14 and 15 do not fit the observed
means spectral ratios as well as the final models in Figure
10. The location and spacing of resonant peaks in the fre-
quency domain from the P-velocity structure are not compat-
ible with the observations, even when converted to equivalent
s-velocity structure. This suggests that site 8-wave transfer
functions can not be easily estimated from P-wave refraction
profiles. It is not known whether S-wave refraction profiles
would provide better results than P-wave refraction profiles

at Turkey Flat.

Modeling using the Standard Geotechnical Mcdel

Velocity structure

Table 4 lists the S-wave velocity structure taken from the

-53~
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Standard Geotechnical Model for Turkey Flat. Real (1988} de-
scribes how this consensus model was derived from geotechni-
cal measurements at Turkey Flat. Densities in Table 4 were
taken from the Standard Geotechnical Modél listed in Appéndix
D of Real and Cramer (1989). Final models have been obtained
by adjusting S-velocities by a uniform percentage change in
velocity to fit resonant peak frequencies and by adjusting
damping values to fit amplitudes of the observed mean spec-

tral ratios.

Initial and final models

Figure 16 shows the initial and final model results using the
Standard Geotechnical Model for Turkey Flat. The initial mod~-
els used damping values of .01 for rock and .015 for soil.
Note that in Figure 16, initial models overestimate the am-
plitudes of resonant peaks, except at the surface sensor at
Valley ©North. Locations of initial model resonant peaks in
the frequency domain are close to observed rescnant peaks ex-~
cept at the downhole sensor at Rock South. Final models in
Figure 16 have the same damping values and percentage changes
in S-velocity as the final models based on downhole measure-

ments (Figure 10).

The final models shown in Figure 16 are almost as good in

matching the observed mean spectral ratios as the final
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Table 4

S-wave Velocity Structures from Standard Geotechnical Model

Layer Thickness Density Velocity

no m g/cc m/s
Rock South:
1 2.4 2,10 825,
2 2.20 1340,

Valley Center:

1 2.4 1.50 135,
2 5.2 1.80 460.
3 13.7 1.90 610,
4 - 2.20 1340.

Valley North:

1 2.1 1.55 150,

2 3.4 1.75 275.

3 5.5 1.90 610.

4 - 2.20 1340.
—57_
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models for downhole measurements in Figure 10. The glaring
exception is for the Rock South bottom-hole response (Figure
l6a, bottom left plot). Because the Standard Geotechnical
Model has a very thin, weathered rock la?er at the surface of
the Rock South site, velocity and damping can not be adjusted
by any reasonable amount to obtain an improved fit to the ob-
served mean spectral ratios. The slower velocity surface
layer for the Rock Bouth site should he thickened in order to
obtain a better match to the downhole mean spectral ratio at

that site.
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WEAK-MOTION TEST EVENT

This part of the report focuses on the character of the
Weak-Motion Test Event (WMTE) in order fo address the Ques-
tion of whether or not it is an unusual event. First a gen-
eral description of the WMTE is provided. Then there 1is a
discussion of windowing effects on Fourier spectral ratios
and response spectra, followed by a review of the amount of
scatter that can be expected in Fourier spectral ratios. Fi-
nally, record sections for P- and S~waves are examined for
propagation effects, and waveform covariance/coherence is re-

viewed.

The following comparison provides the motivation for this re-
view of the WMTE. Figure 17 compares the east and north com-
ponent Fourier spectral ratio for the WMTE with the mean and
one standgrd deviation (sd) spectral ratios for all 33
weak-motion events. Clearly there is considerable variation
of the WMTE spectral ratios from the mean spectral ratios as
well as variation between the east on north component spec~-
tral ratios for the WMTE. This raises the question of whether
there is anything unusual about the WMTE that might have con-

tributed to these variations.
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General description

A general description of the WMTE is as follows: The WMTE was
selected as the test event because of its high signal-to-
noise ratio in the 1~20 Hz band at each of the strong-motion
sensor locations (Real and Cramer, 1989, p. 36). Addition~
ally, the horizontal spectral ratios for the WMTE seem
typical for the weak-motion events recorded. The WMTE is a
shallow M, = 2.0 earthquake located in the Coalinga area
(36.183°N, 120.329°W, 4 km deep according to the USGS). The
event occurred 33 km from the center of the recording array.
No focal mechanism has been published for this event, but
source effects like those observed by Jarpe, et al. (1988)
should not be ocobserved at the Turkey Flat Array because of
the very small aperture of the array (2 km) compared to the
epicentral distance to the source (33 km). The azimuth from
the array to the source is 5° and the P-wave first motion
pulse at all surface sensors of the weak-motion array is be-

tween 185° and 195° in azimuth (Real and Cramer, 1989), es-

sentially along the propagation azimuth.

Other weak-motion events recorded at Turkey Flat have similar
magnitudes, epicentral distances, azimuths, and focal depths.
Referring back to Figure 5b and Table 1, other weak-motion
event magnitudes range between M, 1.0 and M; 5.0, with most

L

being between M. 1.3 and M, 3.0. Epicentral distances range

L
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between 0 and 300 km, with half falling between 15 and 50 km.
Azimuths to source range from -30° to 180° from North, with
most falling between -75° to 76° from North. Focal depths
range between 0 and 15 km, with most being between 0 an& 10
km. Median values for other weak-~motion events are ML 2.5 for
magnitude, 42 km for epicentral distance, 8° from North for
azimuth, and 5 km for focal depth. Compared with other
weak-motion events recorded by the Turkey Flat site-specific
array, there is nothing unusual about the magnitude (ML 2.0),
epicentral distance (33 km), azimuth (5° from North), or

depth (4 km) of the WMTE.

Spectral ratios

Spectral ratios can show variations due to the choice of time
domain window, improper instrumental response corrections,
method related random variations from event to event, and
systematic variations between horizontal components from ef-
fects such as two~dimensional response within a valley. The
latter two, in particular, can cause spectral ratio
variations larger than a factor of two., For the Turkey Flat
WMTE, each of these four sources of spectral ratio variation

batween horizontal components is examined below.
Sensitivity of Fourier spectral ratios to the choice of time
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domain window might be a cause of some of the observed
variation in Fourier spectral ratios between components at
the same triaxial seismometer. Cramer and Real (1990) showed
that time domain window size variation for the same wavefornm
can cause variation in Fourier spectral ratio by up to a fac-
tor of two, but no significant variation in response spectra.
Figures 18 and 19 show the effect on Fourier spectral ratio
and response spectrum of moving the same size time domain
window (8 sec) relative to the S-wave onset. Results are
shown for time domain windows starting .1, .25, .5, and 1
second before the S-wave onset. Note that moving a
fixed-sized time domain window by up to one second relative
to the S-wave onset has essentially no effect on the computed
Fourier spectral ratio or response spectrum. Thus, because
the same sized time domain window (8 sec.) was used through-
out this study, the window starting time was the same on both
the east and north components of the same event record, and
window starting time was within one second of the S-wave on-
set for all events, it seems unlikely that the observed
variations in the Fourier spectral ratios between components
for the WMTE (Figure 17) are due to the sensitivity of Four-
ier spectral ratios to the time domain window used in this

study.

Instrument response corrections are not a large enough source

of spectral ratio scatter to cause the observed variations
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between horizontal components seen in Figure 17. Real and
Cramer (1989, Figure 14) show that instrumentation scatter
for the site-specific study of this report is 10-20% (factor
of 1.1 to 1.2). This is much smaller thaﬁ the observed factor
of two (or more) variation between components of the WMTE in

Figure 17.

What is the expected Fourier spectral ratio scatter between
horizontal components for the same event? Jarpe, et al.
(1988, Figure 4c) show that Fourier spectral ratio scatter
between east and north components can be as large as a factor
of four for events recorded in the Coalinga area. For Turkey
Flat, Figure 20 presents the variation in Fourier spectral
ratio between horizontal components for each event at each
weak-motion sensor. This is shown as the ratioc of the two
horizontal component Fourier spectral ratios (i.e., E/N where
E and N are the Fourier spectral ratio for the East and North
component, respectively). (Data from some events are valid
over a frequency band narrower than 1-20 Hz and hence some
ratios 1in Figure 20 end in the middle of the plots.)
Variations in Fourier spectral ratio between horizontal com-
ponents can be up to a factor of four, occasionally higher.
In Figure 20, the WMTE's ratio of horizontal spectral ratios
for each sensor is indicated as the solid curve (no WMTE ra-
tios are available for CTF1 and CTF9). The variation in

Fourier spectral ratio between horizontal components for the
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WMTE loocks similar to the variation for other weak-motion

events.

What about the possibility of a two—aimensional response
within the wvalley causing systematic variations between
horizontal components? The east component of the surface tri-
axial seismometers at each site is essentially parallel +to
the axis of the valley in the test area while the north com-
ponent is perpendicular to the valley's axis. (Downhole ori-
entations are less reliably known but should be the same,
generally, from event to event.) An examination of Figure 20
shows only random variations between horizontal components
and no systematic variations as large as a factor of two.
There is no evidence for systematic variations as large as a
factor of two being caused by 2D effects in the valley's re-

sponse.

Another possible source of systematic variations between
horizontal components is a difference in site response be-
tween SV and SH waves. Figure 21 presents the variation in
Fourier spectral ratio between radial and transverse compo-
nents for each event at the surface triaxial seismometers at
Rock North, Valley North, and Valley Center sites. Similar to
the presentation in Figure 20, Figure 21 shows ratios of ra-
dial to transverse component Fourier spectral ratios (i.e.,

R/T where R and T are the Fourier spectral ratio for the

=76~
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radial (SV)} and transverse (SH) component, respectively). As
in Pigure 20, Figure 21 shows only random variations and no
systematic variations as large as a factor of two. Therefore,
the variations between horizontal components in Figure 17 ap~-
pear to be normal random variations that are observed in

other weak-motion events recorded at Turkey Flat.
Waveforms

Figures 22 - 24 show WMTE record sections for P, SV, and SH
velocity waveforms. The WMTE occurred essentially to the
north of the Turkey Flat array so that the vertical, north,
and east components correspond to P, SV, and SH, respec-
tively. Bedrock surface and downhole sensors were chosen for
making these record sections, except for the CTF6 record at
Valley North where there was no downhole rock record for the
WMTE. The CTF6 record may be slightly delayed by .02 sec for
P-waves and .04 sec. for S-waves, which are inconsequential

delays for this study.

Figure 22 shows that the P-wave front for the WMTE propagates
across the array with an apparent velocity near 6.0 km/sec.
The line in Figure 22 labeled 6.0 k/s is a reference line
with a slope equivalent to that of seismic waves propagating
at 6.0 km/sec across the array along the azimuth from the

source to the array (1850). 6.0 km/sec is a reasonable crust-

-78~
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al P-wave velocity in the Central California Coast Ranges.

On the other hand, SV and SH wave fronts (Figures 23 and 24)
seem to arrive simultaneously across the array, within the
uncertainty caused by the indistinct character of the S-wave
arrivals. This suggests that S-wave fronts are propagating
vertically into the array. S-wave fronts would be expected to
propagate across the Turkey Flat array in a manner similar to
the P-wave arrivals in Figure 22 only with a slower apparent
velocity of about 3.5 km/sec. Although the exact cause of the
S-wave fronts propagating vertically into Turkey Flat is not
known, it suggests a complicated (non-plane layered) S-wave
crustal structure between the hypocenter of the WMTE and Tur-
key Flat. However, actual incident angles of S-wave rays into
a specific site at Turkey Flat would be near vertical or ver-

tical in either case.

As shown in Figures 22 - 24, waveforms appear to have dis-
similar shapes among sites across the array for both P-waves
and S-waves. This can be quantified by looking at covariance
and coherence between each seismometer pair of the
weak-motion array. Table & shows the peak covariance (largest
cross-correlation wvalue without regard for its sign) in ma-
trix format for each vertical, north, and east pair of seis-
mometers. Note that only seismometers at the same site (Rock

South - CTF2 & CTF8; Valley Center - CTF3, CTF4, & CTF7) have

-2 =



Peak

CTF2
CTF3
CTF4
CTY'S
CTF6
CTF7

CTF8

Peak Covariance Matrix for

CTF2
CTF3
CTF4
CTFS
CTF6
CTF?
CTF8

Peak

CTF2
CTF3
CTF4
CTF5
CTFé6
CTF7

CTF8

Covariance Matrix for P-wave

CTF2
1.00
-0.39
-0.36
-0.31
6.38
-0.38

0.98

CTF2

-0.38

=0.26

-0.34

Covariance Matrix fFfor

CTF2
1.00
-0.28
-0.29

-0.33

CTF3

_0039

-0.38

CTF3

-0.34

-0.35

CTF3

-0-28

Table 5:

CTF4

-0.36

0.68

0.35

CTF4

~0.38

-0.35

CTF4

-0.29

CTFS

-0.31

-0.40

“0037

-0.38

-0.29

Arrivals
CTF6 CTF7
0.38 -0.38

~0.30 0.94

-0.33 0.54
0.38 -0.38
1.00 =-0.28

-0.28 1.00
0.42 -0.38

8Vv-wave Arrivals

CTF5

-0.26

CTF6
-0.34
~0.32
-0.40

0.35

1.00
-0.28

-0.37

CTF7

-0.32

~-0.28
1.00

-0.32

gH-wave Arrivals

CTF5
-0033
~-0.29

-0.33

CTF6
-0.19
-0.29
-0.26
=0.19

1.00
-0.28

_0018

CTF?7

=-0.25

-0.35

-0.35

=-0.37

-0132



peak covariances exceeding 0.5. Similarly Figures 25 - 27
show P, S8V, and SH (2, N, & E) normalized coherence functions
(Abrahamson, et al., 1989) in matrix format for corresponding
pairs of seismometers. The normalized coherence functions
shown are determined from 5 sec time domain S-wave windows
using an 11 point Hamming filter for smoothing in the fre-
guency domain. Only seismometers at the same site show coher-
ence exceeding 0.8 below 10 Hz. With site separations of
500«2000m, poor coherence among Rock Scuth, Valley Central,
Valley North, and Rock North sites is expected based on stud-
ies at Lotung, Taiwan (Abrahamson, et al., 1990) and Park-
field, Ca. (Schneider, et al., 1990). Good coherence below 10
Hz for seismometer separations of 10-24m is also expected
based on Abrahamson, et al. (1990) and Schneider, et al.
(1990). This confirms that waveform c¢cherence among the
strong-motion recording sites at Turkey Flat is poor, which
prevents the use of frequency-wavenumber analysis to deter-
mine both P-wave and S-wave propagation velocity and azimuth

across the weak-motion array.
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CONCLUSIONS

Based on the observed weak-motion mean spectral ratios at
Turkey Flat and the simple modeling presented in this rebort,
five principal conclusions can be drawn concerning the re-
peatability, the nature, and the predictability of relative
site transfer functions at the Turkey Flat, USA, Site Effects

Test Area:

1) Site transfer functions are repeatable at a given site to
within a factor of 1.3 and variations between sites are suit-
able for a site effects prediction test. At Turkey Flat there
are some rapid spatial variations in site transfer functions

over distances as short as 20m.

2) As expected at Turkey Flat, weak-motion empirical transfer
functions  (mean spectral ratios) can be modeled by linear,
one-dimensional, viscoelastic techniques, but the modeling
results are sensitive to changes in S-velocity/layer-thick-
ness that are greater than 5%. Modeling results from downhole
measurements provide a better fit to the observations than
modeling results from P-wave refraction profiles converted to

S-wave profiles by using Vp/Vs ratios.
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3) Calculated transfer functions may not predict empirical
transfer functions because current downhole S-velocity/layer-
thickness measurements are subject to 10-20% errors, while
model fits to observations are sensitive to 5% changeé in

S-wave velocity.

4) S-velocities in the Standard Geotechnical Model for Turkey
Flat appear too high by 20% for weak-motion site responses
observed at the Rock South site. For Valley Center and Valley
North sites, S-velocities in the Standard Model seem low by
only 5% when compared to values obtained by modeling the ob-

servations of site response.

5) Damping in the Standard Geotechnical Model for Turkey Flat
is too low for weak-motion site responses observed at the
Valley Center and Rock South sites. For the vValley North
site, damping values in the Standard Model are much closer to
values obtained by modeling observations of site response and

are within the modeling error of +/- .02.

An examination of the character of the Weak-Motion Test Event
(WMTE) shows that there is little unusual about the WMTE when
compared to the other weak-motion events recorded at the Tur-
key Flat array. Magnitude, epicentral distance, azimuth from
array to source, and hypocentral depth are typical for the

weak-motion events recorded at Turkey Flat. Variations in
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Fourier spectral ratios of up to a factor of four between
East and North components appear to be normal random
variations and typical for weak-motion spectral ratios at
Turkey Flat and Coalinga. There are no systematic variaéions
between East and North components or between radial and
transverse components as large as a factor of two. P-wave ar-
rivals for the WMTE propagate across the Turkey Flat array at
an apparent velocity of 6.0 km/sec but S-waves arrive simul-
taneously across the array. Waveform coherence is poor (<.785)
between the four sites of the Turkey Flat array but good
(>.75 in the 1-10 Hz band) between seismometers at the same
site. This coherence pattern is not unexpected for the Park-
field area. Poor waveform ccherence between Rock North and
Rock South, coupled with Rock North to Rock South spectral
ratios near one for the 1 - 20 Hz band suggest that the wave-
form incoherence is caused by differences in phase as a func-
tion of frequency rather than by differences in amplitude as

a function of frequency.
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